Abstract The remobilization of iron, manganese, cobalt, cadmium, copper and zinc in the pore water of estuarine sediment cores at Yingkou was assessed using diffusive equilibrium in thin films and diffusive gradients in thin films techniques. A relatively anoxic system (?33.7 to -224.1 mV) in the sediment cores might cause the reductive release of iron, manganese and cobalt into pore water from the estuarine sediment. High-average concentrations of iron (47.85 lg ml -1 ) and manganese (3.81 lg ml -1 ) were observed using diffusive equilibrium in thin films on the sediment core, but the concentration of cobalt (18.02 ng ml -1 ) was relatively low. A strong correlation between iron and cobalt was observed based on the vertical profiles of the metals. Manganese and iron were more readily released from the solid phase to the solution. The peak cobalt, copper and zinc concentrations were observed in the upper layer (2-4 cm) measured using diffusive gradients in thin films. However, the peak iron, manganese and cobalt concentrations were located in the deeper layer (C7 cm). In addition, the concentration profiles measured using diffusive gradients in thin films of cobalt, copper and zinc were independent of the iron, manganese and cobalt distribution with respect to depth.
Introduction
Estuarine sediment plays an important role as a sink for trace metals in rivers and occasionally acts as a source of metals to the sea. Due to the complicated interactions between the river and sea and the water chemical condition (such as variations in pH and redox potential) in estuaries, some metals, such as iron (Fe), manganese (Mn), cobalt (Co), cadmium (Cd), copper (Cu) and zinc (Zn), might frequently undergo deposition and resuspension at the interface of sediment and water (Fan et al. 2009; Stockdale et al. 2010; Sakellari et al. 2011 ). This phenomenon is similar to a ''time bomb'' for estuaries (Gao et al. 2006; Feng et al. 2011) . Increasing human activities, such as industry and shipping, have greatly amplified this stress. Thus, it is urgent to better understand the behavior (mobilization and transport) of trace metals in estuarine sediments. Out of this context, the pore water is an important intermediary between the sediment and the overlying water; it plays a key role in the partitioning and diagenetic reaction of trace elements in the sediment (Metzger et al. 2007) . Therefore, understanding the vertical profiles of trace metals in the pore water of core sediments in the estuarine depositional environment is necessary to secure the fragile equilibrium and ecological health of estuarine ecosystems.
The mobilization of trace metals in sediments is believed to be linked to the decomposition of organic matter and the associated reductive dissolution of Fe and Mn oxides (Shaw et al. 1990; Fones et al. 2004; TankereMuller et al. 2006) . Previous studies have been carried out to infer fluxes through the sediment-water interface and to understand the role of diagenetic reactions, including the release or uptake of the metals within the sediments; they have used conventional techniques including centrifugation, squeezing, sippers and in situ dialysis peepers (Hesslein 1976; Watson and Frickers 1990; AleksanderKwaterczak and Helios-Rybicka 2009; Turner et al. 2010 ). However, these methods only achieve a relatively low spatial resolution (cm scale). This is insufficient for studying geochemical processes, especially at the surface and sub-surface of the oxic and suboxic sediments. Microelectrodes and two-and three-dimensional arrays can show highly localized changes in oxygen concentration and pH, and provide detailed profiles of trace metals. These techniques have greatly improved our understanding of redox coupling and the vertical layering of diagenetic processes of trace metals on a small scale (Taillefert et al. 2002) .
With the development of diffusive equilibrium in thin films (DET) and diffusive gradients in thin films (DGT), high-resolution vertical or horizontal profiles of metals in sediment pore water can be assessed on a scale of millimeters or less (Davison and Zhang 1994; Zhang et al. 2002; Gao et al. 2006 ). Compared to the dialysis cell technique, DET can determine the pore water concentration in sediment quickly and directly (Davison et al. 1991; Harper et al. 1997) . By vertically inserting a DGT probe into the sediments, the DGT technique directly measures the flux of metals from the sediment to the solution during deployment based on the mass transport of metals Fones et al. 2004; Stockdale et al. 2010) . It uses a layer of Chelex cation exchange resin placed behind a layer of hydrogel that is covered with a 0.45-lm membrane, through which metal ions are allowed to diffuse freely through (Sakellari et al. 2011 ). Using a DET or DGT technique, several studies have effectively revealed the behavior and role of diffusional transport and the (re)supply of metals, such as Fe, Mn, Co, Cd, Cu and Zn, from sediments to solution in the sediments of the freshwater and marine depositional environments (Gao et al. 2006; Stockdale et al. 2010; Sakellari et al. 2011) .
Here, a method combining DET and DGT was used to more completely understand the remobilization of the metals (e.g., Fe, Mn, Co, Cd, Cu and Zn) in relation to pH and redox potential profiles while taking into account the different physicochemical characteristics at various depths along the sediment-water interface of the Yinkou estuary in Liaodong Bay in China. The results can provide in situ data of the vertical profiles and the release capacity of metals from sediments at a small scale. These methods have lower resolution, but can be applied as a type of control in practice. The study was carried out during 2006 at Yinkou estuary, China.
Materials and methods

Study site and sediment core collection
The study site was located in the Yingkou estuary in Liaodong Bay in China, which is affected by a number of anthropogenic factors, such as industrialization, urbanization and port activity and tidal currents. This region is located where the Daliaohe River enters the Bohai Sea. This river carries the combined pollution from industrial and domestic wastewater and the discharge from shipping and manufacturing (Fan et al. 2009 ). The bottom sediment in the estuarine tidal zone is intermittently inundated and exposed during the tidal cycle. During low tide (the depth of the overlying water was approximately 20 cm), duplicates of undisturbed estuarine sediment cores were collected from the tidal zone at the Yingkou site (Fig. 1) 
Measurement of redox potential and pH in the sediment cores
In the laboratory, holes were opened on the tube wall at different sediment depths (2.5 cm interval) and pH and ORP electrodes were inserted horizontally. The small slits between the electrode wall and the tube wall were sealed. The redox potential (Eh) and pH were measured with combination platinum electrodes (Mettler Toledo/Pt4800) and combination glass electrodes (Mettler Toledo/Pt4800), respectively. For both electrodes, the reference electrode was Ag/AgCl, [KCl] = 3 M, having a potential of 220 mV versus the standard hydrogen electrode.
DET and DGT probe preparation and deployment
The DET and DGT technique probe preparations and deployments were similar to those described by Zhang et al. (2002) and Gao et al. (2006) . The diffusive gel (0.8 mm thickness), resin gel (0.4 mm thickness), and the DGT and DET probes were obtained from DGT Research Ltd., UK. The size of the DGT and DET probes was 180 mm 9 40 mm, with a window of 150 mm 9 18 mm open to the aquatic system. After the gels were set, they were covered with a 0.45-lm cellulose acetate filter (0.14 mm thickness, Millipore). Finally, the window plate was put on the top of the probe and all of the elements were gently pressed together. Before deployment of the DET probes, they were stored in Milli-Q water. While the DGT probes were stored at 4°C in a closed plastic bag containing 1 ml of 0.01 M trace metal-free NaCl solution (5-10 g Chelex-100 were added to remove trace metals).
Before deployment, the entire DET gel assemblies were de-oxygenated by immersing them for 24 h in a container filled with Milli-Q water and bubbling with nitrogen, and the DGT probes were de-oxygenated for 24 h in a container filled with metal-free (using Chelex-100) NaCl (0.1 %) solution. Two DET and DGT probes, arranged back to back, were vertically inserted into the sediment cores to approximately 20 cm depth. The experiment was performed at 25 ± 0.5°C for 24 h. After 24 h, the probes were retrieved from the sediment core.
In the laboratory, all gel manipulation was carried out in a laminar flow hood located in a clean room. The DET and DGT probes were opened, the filter and diffusive gel were removed and the resin gels including DET and DGT was cut into 5-mm intervals using a Plexiglas gel cutter, respectively. Each piece of DET gel was transferred into pre-weighed 2-ml tubes, weighed and eluted in 1 ml of 1 M HNO 3 for the determination of metals. Each DGT gel slice was eluted in 1 ml of 1 M HNO 3 for 24 h, then diluted to 6 ml for analysis. The DET and DGT blanks went through the same process, including probe preparation and deployment.
Sediment core section and pore water extraction After Eh and pH measurement and the DET/DGT experiment, the sediment cores were sectioned inside a nitrogen flushed glove-bag. Approximately 100 g of fresh sediment from each segment was placed in a centrifuge tube. They were centrifuged for 30 min at 2,500 rpm, and the obtained pore waters were filtered through a 0.45-lm cellulose acetate disposable filter, collected in a clean polyethylene tube, and acidified with 1 % HNO 3 .
Analysis
The concentrations of Cd, Co, Cu and Zn were determined using inductively coupled mass spectrometry (ICP-MS, X Series II, Thermo Ltd., USA).
103 Rh was used for internal calibration and a certified reference material (GSD-9) was supplied by the Institute of Geophysical and Geochemical Exploration of China. The concentrations of Fe and Mn were determined using inductively coupled plasma optical emission spectrometry (ICP-OES, IRIS Instrepid II, Thermo Ltd., USA) ). Analytical quality control was carried out by measuring the same standard solution after every fifteenth sample. Blank DET and DGT for these metals are showed in Table 1 . The measured concentrations other than DET for Cd, Cu and Zn in the samples were well above the detection limits.
Calculation procedures
The metal concentration in the sediment and pore water interface was calculated using the method reported by Zhang et al. (2002) . The flux of metals (F) from sediment to the DGT or DET probe can be calculated using Eq. (1):
where t is the deployment time (in seconds), M is the mass of accumulated metals in the resin layer and A is the area of the gel strip (in cm 2 ). Assuming that the gel and membrane have the same diffusion coefficient, D m (Davison and Zhang, 1994) , this flux can be interpreted as the mean concentration, C i , at the surface of the probe during deployment, according to Fick's law. Conservative flux properties lead to the following relationship:
The mass of metal (M) accumulated on the resin gel can be calculated from the concentration of metals in the elution solution (C e ), according to Eq. (3).
where V gel is the volume of the gel strip, V acid is the acid added for elution and f e is the elution factor, which is 0.8 for all of the metals studied (Zhang and Davison 1995) .
Results and discussion
Redox potential and pH profiles
The redox potential profile (Fig. 2) shows that the redox potential in the sediment core gradually decreased with increased depth. The value ranged from ?33.7 to -224.1 mV. The potential was positive ([ 0 mV) at the water-sediment interface, then decreased continuously until a depth of approximately 12 cm, which indicates that the core sediments of Yingkou are gradually changing from a suboxic to a completely reducing system (Vershinn and Rozanov 1982) . The redox potential is particularly critical for characterizing the oxidation-reduction status of environmental systems and for interpreting redox-sensitive biogeochemical processes, such as degradation of organic matter, denitrification, and reductive dissolution of Mn and Fe oxides (Gao et al. 2006; Devesa-Rey et al. 2010; Sakellari et al. 2011) . Therefore, the change in redox potential within the sediment core might result in a series of geochemical reactions and, thus, change the mobility and bioavailability of trace metals in the sediment core. The pH in the overlying water was over 8.0 and decreased to a constant value of approximately 6.9. It has also been demonstrated that acidic conditions (pH \ 7) contributed to the reduction of metals, such as Fe 2? , under bacterial sulfate reduction (Yao and Millero 1996) . Consequently, a combination of the Eh and pH would influence the remobilization of metals in the sediment cores.
Redox-sensitive metals (Fe, Mn and Co)
The concentration profiles of Fe, Mn and Co that were measured using DET are shown in Fig. 3a . The DET concentrations measured in the core sediment ranged from 16.2 to 85.0 lg ml -1 for Fe, from 2.9 to 5.1 lg ml -1 for Mn and from 9.1 to 32.2 lg l -1 for Co. The concentrations of Fe, Mn and Co that were measured using DET increased from the sediment-water interface down to 10.5 cm and decreased from 10.5 to 12 cm. There is an excellent comparability between Fe, Mn and Co, with maxima occurring at the same depths (Fig. 3a) . These figures may suggest that the factors influencing the release of Fe, Mn and Co are similar. The geochemical similarity and remarkably close relationships between Fe, Mn and Co have been documented in the water column (Taillefert et al. 2002; Gao et al. 2006 ). The relatively low redox and pH may be the major factors determining the maximum metal concentrations at deeper sediment layers (10-11 cm) (Figs. 2, 3a) (Davutluoglu et al. 2011) . The redox potential decreased sharply from the surface down to 12 cm, which might lead to increased concentrations of Fe(II), Mn(II) and Co(II) (Gao et al. 2006 ). After oxygen is depleted near the water-sediment interface, other oxidants [especially nitrate, Fe(III) and Mn(IV)] become involved in the diagenesis of organic matter. Thus, the reduced soluble forms of Fe(II), Mn(II) and Co(II) become the dominant forms in the deeper layer.
The concentration profiles of Fe, Mn and Co measured by DGT are shown in Fig. 3b . The DGT concentrations measured in the core sediment ranged from 1.5 to 5.8 lg mL -1 for Fe, from 0.8 to 3.0 lg mL -1 for Mn and from 0.2 to 0.6 lg L -1 for Co. In the upper sediment (0-8 cm), the Fe, Mn and Co DGT profiles followed the same trend. However, in the deeper (9-12 cm) sediment (Fig. 3b) , the metals' vertical profiles are significantly different. The maximum concentrations of Fe, Mn and Co measured using DGT occurred at approximately 11.5, 7.0 and 9.5 cm depth, respectively. A suboxic or reducing environment contributed to the reduction of metals, such as Fe, Mn and Co. They are then mobilized to the dissolved phase, thus the characteristic peak concentration for these metals typically occurred in the deeper layer of the sediment cores (Sakellari et al. 2011) . The Mn and Co concentrations that were measured using DGT increased at a shallower depth than that of Fe, which might reflect the more ready reductive dissolution of Mn and Co oxyhydroxides (Canfield et al. 1993) . Similar behavior for Mn and Co was also noted in freshwater sediments by Zhang et al. (2002) . The concentrations of Fe, Mn and Co obtained with the DGT were significantly lower than those obtained using the DET; and the varied magnitude of Fe, Mn and Co obtained with the DGT are greater than those obtained using the DET, especially for Fe (Fig. 3) . This difference between the DET and DGT data might be due to the following reasons: (1) the sampling of different types of species (equilibrium versus diffusion condition) and (2) a sedimentary resupply process for DGT in which sediment partially compensates for the depletion of pore water concentrations of metals such as Fe, Mn and Co that was induced by DGT deployment (Fones et al. 2001 (Fones et al. , 2004 Zhang et al. 2002; Tankere-Muller et al. 2006 ).
Features of Cd, Cu, and Zn
Compared to redox-sensitive metals, such as Fe, Mn and Co, other trace metals, such as Cd, Cu and Zn, were not measurable with the DET technique due to high blank values. The concentration profiles of Cd, Cu and Zn that were measured by DGT are shown in Fig. 4 . The DGT concentrations measured in the core sediment ranged from 0.04 to 0.24 lg l -1 for Cd, from 2.2 to 5.1 lg l -1 for Cu and from 0.02 to 0.06 lg ml -1 for Zn. The DGT profiles of Cd, Cu and Zn followed the same trend (Fig. 4) , which might be attributed to their similar geochemical features (Fones et al. 2004) .
The DGT-measured concentrations of Cd, Cu and Zn are greatest near the sediment surface (2-4 cm) and decrease as the depth increases, which differs from the Fe, Mn and Co profiles. Concentration maxima near the sediment surface have been observed previously in pore waters obtained from marine sediments by centrifugation and filtration (Shaw et al. 1990 ) and from freshwater sediments by in situ dialysis (Gao et al. 2006) . The location of the Cd, Cu and Zn peak was above that of Fe, Mn and Co, which may be due to the following reasons: (1) the concentrations of dissolved Fe, Mn and Co were relatively low in the upper sediment (oxic environment) for the formation of their oxidized solid phase (Haese 2006) ; (2) rapid degradation and dissolution of organic matter reaching the sediment surface (Tankere-Muller et al. 2006) ; and (3) desorption from particulates due to gradual change in the pH value (Teasdale et al. 2003) . Moreover, these buried sediments are likely to contain appreciable FeS, Cd, Cu and Zn levels, which could be removed from a solution by displacement or lattice substitution reactions (DiToro et al. 1990) . Thus, the different metal profiles observed in the fine-scale structure probably reflect different sources and transport processes. Metal supply from sediments to pore water A comparison of measurements made with DGT and DET or conventional techniques in sediments can reflect a sedimentary supply process Metzger et al. 2007 ). The ratio of DGT to DET or DGT to centrifugation (R: DGT/DET or DGT/centrifugation, with 0 \ R \ 1) has been used to assess the supply from the solid phase to solution (Harper et al. 1998) . However, comparisons between the centrifugation technique and the DGT technique should be carried out with caution. DGT measures the localized interfacial concentration (which is depleted due to metal uptake by the DGT probe) in a very small volume of sediment adjacent to the DGT probe, whereas classical techniques measure bulk pore water concentrations averaged across a much larger (100-1,000 times larger) volume of sediment (Gao et al. 2006 ). In our case, the ratio R can be described as the average metal concentration from DGT divided by the average metal concentration from DET or centrifugation (Table 2 ). The R values (based on DGT/centrifugation unless otherwise indicated) for trace elements were in accordance with the following order: Mn (0.64) [ Fe (0.53) [ Mn (0.50 DGT/ DET) [ Cd (0.15) [ Cu (0.12) [ Zn (0.11) [ Fe (0.08 DGT/DET) [ Co (0.07) [ Co (0.02 DGT/DET). The differences between centrifugation or DET and DGT can be attribute to some reasons such as the pore size of the gels (20-30 nm for DET and 3-5 nm for DGT), the competition between the DGT resin and complexing ligands when metal complexes are abundant, depletion of the pore water during DGT sampling and so on (Gao et al. 2006) . Compared with other trace metals, Mn and Fe were more readily released from the solid phase to solution, according to the R value. The close R values of Cd, Cu and Zn suggest similar release characteristics of labile Cd, Cu and Zn. There is a considerable difference between the R values obtained using DET probes and centrifugation for Fe. The most plausible reason to explain these differences is that despite the use of the oxygen-free glove-bag for handling the cores during sectioning and centrifugation, oxygen still may come into contact with the pore water, which may oxidize the dissolved Fe(II) into solid Fe(III) Gao et al. 2006 ).
The correlation analysis of concentrations measured by DGT
A correlation analysis of metal concentrations measured by DGT is presented in Table 3 . A good correlation was observed within two group metals, respectively: (1) redoxsensitive metals such as Fe, Mn and Co (r C 0.738, p \ 0.01, n = 26) and (2) other trace metals such as Cd, Cu and Zn (r C 0.487, p \ 0.05, n = 26). This result was in accordance with the results of Figs. 3 and 4. Compared with the DGT values for Mn, the DGT values for Fe and Co had better correlation (r = 0.854, p \ 0.01, n = 26) in varied trends of the metal concentrations according to depth. This result suggests that a similar mechanism may operate for the two metals' geochemical behavior (Shuttleworth et al. 1999; Stockdale et al. 2010) : (1) the reductive remobilization of the two metals may require very similar conditions and may occur simultaneously but independently; (2) Co may be incorporated into Fe and Mn oxyhydroxides and then released as they are reductively dissolved (but Mn was more readily reducible than Fe); and (3) Co may be released from the organic matter, which is decomposed to supply electrons to the oxyhydroxides. Compared with the DGT values of Zn, the DGT values of Cd and Cu had better correlation (r = 0.747, p \ 0.01, n = 26) in varied trends of the metal concentrations according to depth. This observation may suggest that the two metals have more similar remobilization features (Fig. 4) . Cd, Cu and Zn were significantly negatively correlated (or showed no correlation) with Fe, Mn and Co. This correlation may suggest that as the redox decreased, the remobilization of Fe, Mn and Co increased, whereas as redox increased, the concentrations of Cd, Cu and Zn ions in pore water also increased. A similar result was also observed in the research of Fones et al. (2004) . Dissolved Cd, Cu and Zn can be adsorbed into metal-oxide surfaces (Fe (OH) 3 , FeOOH, MnOx, etc.) (Gerringa 1991; Swedlund et al. 2003) , but the subsequent acidification of pore water with a decreasing pH can lead to desorption and the mobilization of metals out of these oxides. Thus, the remobilization of Cd, Cu and Zn may also stem from dissimilative reduction-bearing metal oxides that are engaged in organic matter mineralization. In addition, the dissolved Cd, Cu and Zn may diffuse upward (to reach the water column) and downward (into the anoxic sediment) where these metals can be immobilized by precipitation as sulfides, co-precipitation with FeS or adsorption onto FeS surfaces (Morse 1994; Gobeil et al. 1997 ).
Conclusion
In this study, both DET and DGT techniques were applied to generate high-resolution profiles of the total dissolved (DET) and labile (DGT) Fe, Mn, Co, Cd, Cu and Zn in estuarine sediment core pore water. The DET/DGT-measured concentrations of Fe, Mn and Co were greatest in the deeper layers of the core sediment ([7 cm), but the DGT-measured concentrations of Cd, Cu and Zn were greatest near the sediment surface (2-4 cm), which might be due to the decomposition of organic matter, the impact of the redox and pH variation and the differences in the sources and transport processes for the different metals. The correlation analysis of metals using DGT confirmed the difference at the sedimentwater interface between the remobilization of reductionsensitive metals, such as Fe, Mn and Co, as well as other trace metals, such as Cd, Cu and Zn. The concentrations of Fe, Mn and Co that were measured using DGT were significantly lower than those of metals that were measured using DET, reflecting that sedimentary resupply processes partially compensate for the depletion of pore water metal concentrations induced by DGT deployment. According to the analysis of the characteristics of metal supply from the solid phase (R value), Mn and Fe were more readily released from the solid phase to solution, and Cd, Cu and Zn had similar release characteristics. 
